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or daughter cell. Prior to anaphase, cytoplasmic micro-
tubules orient the spindle along the mother-daughter
axis and position the nucleus near the mother side of
the neck. This nuclear positioning involves the associa-
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cortex and pushing forces provided by cytoplasmic mi-
crotubules within the mother cell (Byers and Goetsch,
1975; Yeh et al., 2000; reviewed in Schuyler and Pellman,Summary
2001; Segal and Bloom, 2001). At the onset of anaphase,
motors associated with cytoplasmic microtubules onIn budding yeast, cells lacking separase function exit
the daughter side pull the daughter bound SPB and itsmitosis with an undivided nucleus localized to the
associated chromosomes through the neck. Concomi-daughter cell. Here we show that the inability to sepa-
tantly, motors on the spindle generate forces that pushrate sister chromatids per se is not sufficient to cause
the two SPBs apart. The role of the mother cytoplasmicthe daughter preference. Rather, separase affects nu-
microtubules during anaphase has been difficult to as-clear positioning as part of the Cdc14 early anaphase
sess because their associated forces, if any, could notrelease (FEAR) pathway. The role of the FEAR pathway
be distinguished from those generated by the elongat-in nuclear positioning is exerted during anaphase and
ing spindle.is not shared by the mitotic exit network. We find that
At anaphase, the protease separase triggers sisterthe nuclear segregation defect in FEAR mutants does
chromatid separation by cleaving Scc1p, one of the sub-not stem from nonfunctional spindle poles or the ab-
units of the cohesin complex that holds the sister chro-sence of cytoplasmic microtubules. Instead, the con-
matids together (Ciosk et al., 1998; Uhlmann et al., 1999,comitant inactivation of sister chromatid separation
2000). Until anaphase onset, the catalytic activity of sep-and the FEAR pathway uncovered a mother-directed
arase is inhibited by securin (Ciosk et al., 1998; Hornigforce in anaphase that was previously masked by the
et al., 2002; Zou et al., 1999). Separase is activated whenelongating spindle. We propose that at anaphase on-
securin is targeted for degradation by a ubiquitin ligase,set, the FEAR pathway activates cytoplasmic microtu-
the anaphase promoting complex/cyclosome (APC/C)bule-associated forces that facilitate chromosome
(reviewed in Harper et al., 2002). Interestingly, cells thatsegregation to the mother cell.
fail to separate sister chromatids will nonetheless exit
mitosis with an undivided nucleus (see below).
Introduction In budding yeast, mitotic exit is driven by the Cdc14p
phosphatase, which opposes the activity of mitotic
Microtubules play multiple essential roles in mitosis: cyclin-dependent kinases (CDKs). For mitotic exit to oc-
spindle microtubules drive chromosome segregation, cur, Cdc14p must be released from the nucleolus where
whereas astral or cytoplasmic microtubules aid in spin- it is sequestered during much of the cell cycle by its
dle orientation (reviewed in Winey and O’Toole, 2001). association with Net1p/Cfi1p (Shou et al., 1999; Visintin
Both spindle and astral microtubules emanate from a et al., 1999). Cdc14p release is promoted first by the
pair of microtubule-organizing centers (MTOCs). Within FEAR (Cdc fourteen early anaphase release) pathway,
the spindle, some microtubules form contacts with chro- which includes separase (Esp1p in budding yeast),
mosomes while others create an interdigitating lattice Slk19p, Cdc5p, and Spo12p (Pereira et al., 2002; Steg-
that drives spindle elongation once anaphase begins. meier et al., 2002; Yoshida and Toh-e, 2002; reviewed
Animal cells divide through the formation of a cleavage in Saunders, 2002), and then later by the mitotic exit
furrow, the position of which is defined by the spindle network (MEN), which consists of several proteins, in-
midzone. Thus, spindle orientation and positioning are cluding Cdc15p (Shou et al., 1999; Visintin et al., 1999;
important in ensuring not only that each daughter cell reviewed in Morgan, 1999). The MEN, but not the FEAR
receives a full complement of chromosomes but also pathway, is essential for mitotic exit. Since Cdc15p is
that cell division occurs at the right place. For example, a substrate of Cdc14p (Jaspersen and Morgan, 2000),
asymmetric cell divisions that generate specific devel- it is thought that the purpose of the FEAR pathway is
opmental patterns rely on accurate spindle localization to stimulate MEN activity.
(Gonczy, 2002). An intriguing phenotype associated with loss of Esp1p
In recent years, our understanding of spindle position- function is the inheritance of the undivided nucleus al-
ing has greatly benefited from studies in budding yeast. most exclusively by the daughter cell (McGrew et al.,
In this organism, the MTOCs, known as spindle pole 1992). In the present work, aimed at understanding this
bodies (SPBs), are embedded in the nuclear envelope, phenomenon, we discovered a novel function for Esp1p
which remains intact throughout mitosis. Cell division and the FEAR pathway in nuclear positioning. Our data
occurs at the neck between the mother cell and its bud, suggest that the FEAR pathway promotes a mother-
directed force acting on the nucleus after anaphase initi-
ation.*Correspondence: ornacf@helix.nih.gov
Developmental Cell
730
Results to the daughter, the cytoplasmic microtubules that origi-
nated from the SPB near the neck nearly always ex-
Esp1p Affects Nuclear Positioning Independently tended into the mother cell (98% of cases), indicating
of Sister Chromatid Separation that the daughterly nuclear segregation in the esp1 mu-
In the absence of Esp1p function, sister chromatids do tant strain was not due to the absence or misalignment
not separate at anaphase. Consequently, spindle elon- of cytoplasmic microtubules.
gation is blocked, but cells still exit mitosis with the The SCC1-RRDD cells exited mitosis about 30 min
entire short spindle and the bulk of the DNA inherited by earlier than the esp1-1 cells (Figure 1D), exhibiting a
the daughter cell (McGrew et al., 1992, and see below). prominent 4N DNA peak, a consequence of rereplication
Given Esp1p’s role in sister chromatid separation (Uhl- after failing to separate sister chromatids. The majority
mann et al., 1999, 2000), it was possible that the segrega- (73%) of SCC1-RRDD cells retained their DNA in the
tion of the undivided nucleus to the daughter was due mother (Figure 1F). In more than 95% of these cases,
to the inability to separate sister chromatids. If this were the mother cell rebudded with the empty daughter cell
the case, a strain with functional Esp1p that could not from the first mitosis still attached (Figure 1C and Sup-
separate sister chromatids due to the presence of un- plemental Figure S1B), explaining why the FACS profiles
cleavable Scc1p (SCC(R180D)(R268D) or SCC1-RRDD; of SCC1-RRDD cells do not show the 1N peak seen
Uhlmann et al., 1999) should also exhibit a “daughterly” in the esp1-1 cells. Furthermore, this result suggests
DNA segregation pattern. that the absence of DNA segregation to the daughter
To test this possibility, we compared the mode of led to a cytokinesis defect.
DNA inheritance (i.e., mother versus daughter) in esp1-1 It was formally possible that the presence of SCC1-
mutant cells to that of cells expressing SCC1-RRDD RRDD actively caused DNA to be retained in the mother,
from a galactose-inducible promoter. To be able to un- overriding a putative default pathway in which unsepa-
equivocally distinguish mothers from daughters, cells rated sister chromatids go to the daughter cell. To ad-
were first treated with the -factor mating pheromone, dress this possibility, we followed DNA segregation in
which caused them to arrest in G1 and form a mating esp1-1 GAL-SCC1-RRDD cells as described above. The
projection known as a shmoo. When allowed to re-enter double mutant cells behaved like esp1-1 single mutants,
the cell cycle by the removal of the -factor, the segregating their DNA to the daughter 92% of the time
shmooed mothers gave rise to round daughter cells (Figure 1F). Taken together, these experiments demon-
(Figure 1A). Importantly, McGrew et al. (1992) showed strate that blocking sister chromatid separation does
that the daughter preference for nuclear segregation in not, in and of itself, lead to segregation of DNA to the
esp1-1 cells was not a consequence of -factor treat- daughter cell, and that Esp1p has a role in nuclear posi-
ment. Upon mitotic exit in the absence of nuclear divi- tioning that is distinct from its function in sister chroma-
sion, “daughterly” DNA inheritance was manifested by tid separation.
the appearance of empty shmooed cells (mothers) that
completely lacked or had very little DNA staining (Figure SPBs Assembled in the Absence of Esp1p
1A, top arrow). In contrast, “motherly” inheritance re- Function Can Support Pulling Forces Exerted
sulted in the appearance of empty round cells (daugh-
by Cytoplasmic Microtubules
ters; Figure 1A, bottom arrow). In cases when rebudding
SPBs are duplicated conservatively (i.e., a new SPB is
in the next cell cycle occurred prior to the completion
formed adjacent to the old one) during late G1/early Sof cytokinesis, cells appeared as one of the three-cell
phase, and the new SPB is almost always inherited byconfigurations shown in Figure 1A. The DNA inheritance
the mother (Pereira et al., 2001; Winey and O’Toole,pattern for each strain was quantified using the formula
2001). In the experiments described thus far, esp1-1shown (Figure 1A).
cells progressed through G1/S at the nonpermissiveThe majority of the esp1-1 cells completed mitosis
temperature, and hence the assembly of the new SPBwithin 3.5 hr, as shown by the appearance of less than
occurred in the absence of Esp1p function. If Esp1p1N and greater than 2N populations of cells in flow cy-
were required to create a functional SPB, the new,tometry analysis (Figure 1B). The presence of a less than
mother bound SPB would have been defective and, pos-1N peak was indicative of cells that inherited a small
sibly, unable to support forces exerted by cytoplasmicamount of DNA as a result of cytokinesis that occurred
microtubules. As a result, pulling forces from the daugh-while the nucleus was unequally positioned between
ter side acting through the old SPB could have causedthe mother and daughter cells (Figure 1C). As previously
the whole nucleus, with its spindle and DNA content, toreported, esp1-1 cells overwhelmingly segregated their
segregate into the daughter.DNA to daughters (Figure 1F), resulting in the appear-
To test the functionality of SPBs assembled in theance of shmooed cells with almost no DAPI staining
absence of Esp1p activity, we wished to create a situa-and round cells with a large DAPI mass and the entire
tion where we could examine the ability of the new SPBspindle, including both SPBs (Figure 1C and Supple-
to support pulling forces. To this end, we randomizedmental Figure S1A at http://www.developmentalcell.
the fates of the two SPBs by treating cells with thecom/cgi/content/full/6/5/729/DC1). Importantly, prior to
microtubule depolymerizing drug nocodazole (Figuremitotic exit, there was no apparent defect in spindle
2A). In wild-type cells, following the removal of nocoda-orientation (i.e., the spindle was aligned along the
zole and the reestablishment of a spindle, the new SPBmother-daughter axis; Figure 1C and Supplemental Fig-
is as likely as the old SPB to form the daughter boundure S1A) and both spindle poles were associated with
side of the spindle (Pereira et al., 2001). If, in esp1-1a comparable number of cytoplasmic microtubules
(data not shown). Indeed, even after nuclear migration mutant cells, the new SPB were defective, one would
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Figure 1. DNA Segregation during Mitosis in
the Absence of Sister Chromatid Segregation
(A) Schematic diagram of possible DNA seg-
regation outcomes in the absence of sister
chromatid separation. Cells were released
from an -factor-induced G1 arrest and fol-
lowed until they had completed their first mi-
tosis. Note that the mother cell is shmooed
whereas the daughter cell is round. Morphol-
ogies that result from segregation of DNA to
the mother are shown on the bottom branch;
those that result from segregation of DNA to
the daughter are shown on the top branch.
Cell types used to determine the percent
daughter are outlined in boxes. To avoid dou-
ble counting mitoses in which the mother and
daughter cells separated from each other,
only one of the two products, the cell that
failed to inherit DNA, was included in the cal-
culation. Percent daughter was calculated by
dividing the number of mitoses in which DNA
was segregated to the daughter by the sum
of the number of mitoses in which DNA was
segregated to the mother or the daughter
(equation on the right). Cells that did not com-
plete mitosis were not included.
(B and D) esp1-1 (strain OCF2163-3C, panel
B) or SCC1-RRDD (strain KR3139, panel D)
cells were arrested in G1 and released as
described in Experimental Procedures. Sam-
ples were collected every 30 min up to 4.5 hr
after the release and analyzed for DNA con-
tent by flow cytometry.
(C and E) esp1-1 (C) or SCC1-RRDD (E) cells
collected 2–3 hr after release were treated
with DAPI to visualize DNA and antibodies to
-tubulin to visualize microtubules. (a) Nor-
marski; (b) DAPI; (c) anti--tubulin; (d) merge
of DAPI (blue) and anti--tubulin (green) im-
ages. In the anti--tubulin images, the spindle
appears as a thick green bar, whereas the
cytoplasmic microtubules appear as thinner
lines (see also Supplemental Figure S1).
(F) esp1-1 (strain OCF2163-3C), SCC1-RRDD (strain KR3139), and esp1-1 SCC1-RRDD (KR3171) cells, treated as described above, were
collected 3–4 hours after release from G1 arrest, when the majority of cells had exited mitosis. The pattern of DNA segregation was determined
by DAPI staining, and the percent daughter was calculated as described in (A).
expect that it would not be able to orient toward the in esp1-1 cells, the new SPB was as efficient as the old
SPB at orienting toward the daughter. Importantly, thedaughter or promote nuclear movement to the daughter
after nocodazole removal. To distinguish between the tendency of the daughter cell to inherit the nucleus
was equally high in untreated and nocodazole-treatedold and new SPBs, we used strains in which the SPB
component, Spc42p, was tagged with red fluorescent esp1-1 cells (Figure 2B). Given that in half of the nocoda-
zole-treated cells the new SPB was on the daughterprotein (Spc42p-RFP) that fluoresces only after a pro-
longed lag (Pereira et al., 2001). Therefore, under the side, these results demonstrate that the new SPB is
capable of supporting pulling forces. These data alsoappropriate growth conditions, the old SPB is fluores-
cent, while the newly synthesized SPB is unlabeled (Per- imply that having the old SPB on the mother side of the
spindle does not allow esp1-1 cells to retain DNA ineira et al., 2001).
We examined the effect of nocodazole treatment on the mother.
The functionality of both SPBs was also examinedSPB distribution in wild-type and esp1-1 strains as illus-
trated in Figure 2A. In the absence of nocodazole treat- under conditions where the spindle was able to elongate
and the nucleus could divide despite the absence ofment, the labeled (old) SPB migrated to the daughter in
the majority of both wild-type and esp1-1 cells, although Esp1 function, owing to a defect in sister chromatid
cohesion (see Supplemental Figure S2). As a result, thethe bias was not as complete as reported previously
(Figure 2B; Pereira et al., 2001). In the presence of noco- new spindle pole remained in the mother. If SPBs formed
in the absence of Esp1p function were inactive, in thedazole, cells arrested in metaphase with no visible mi-
crotubules (as assessed by Tub1p-GFP fluorescence, subsequent cell division the mother cell would contain
two defective SPBs. As a result, DNA would not getdata not shown). Following their release, both wild-type
and esp1-1 cells segregated the new SPB to the daugh- transferred to the second daughter, and nuclear divi-
sion, driven solely by spindle elongation, would occurter cells approximately half of the time (Figure 2B). Thus,
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nuclear localization once the cells had reached the
metaphase arrest point. Because these cells do not exit
mitosis, mother/daughter nuclear distribution was de-
termined by scoring whether the DNA was entirely in the
mother cell, entirely within the daughter cell, or stretched
across the neck. In all three strains tested, only a small
fraction of cells had their nucleus entirely in the daughter
(Figure 3A). Thus, prior to anaphase initiation, Esp1p
does not influence nuclear positioning. This result is
consistent with the finding that until anaphase onset,
Esp1p is in a complex with its inhibitor, Pds1p, and is
inactive, at least as a protease (Ciosk et al., 1998; Hornig
et al., 2002).
The FEAR Pathway, but Not the Mitotic Exit
Network, Is Involved in Nuclear Positioning
The role of Esp1p in mitosis is not limited to triggering
sister chromatid separation. Esp1p, along with Slk19p,
Spo12p, and Cdc5p, make up the FEAR pathway that
promotes the release of the Cdc14p phosphatase from
the nucleolus during early anaphase (Stegmeier et al.,Figure 2. The Functionality of SPBs in esp1-1 Mutants
2002). Our observation that the movement of the DNA
SPC42-RFP GFP-TUB1 (strain KR3212) and esp1-1 SPC42-RFP
into the daughter cell in esp1-1 mutants occurred afterGFP-TUB1 (strain KR3213) cells were arrested in G1 at 23C (see
the metaphase to anaphase transition (Figure 3A) is con-Experimental Procedures) and released into medium without (No
sistent with Esp1p acting as part of the FEAR pathwayDrug) or with (Nocodazole) nocodazole at 37C. Once the nocoda-
zole-treated cells were arrested with large buds and had no visible to regulate nuclear positioning. To test this possibility,
microtubules, they were released into drug-free medium at 37C. we examined DNA inheritance following exit from mito-
Samples were taken once spindle polarity was re-established. sis in other FEAR pathway-defective strains, slk19 and
(A) Schematic outline of the experiment.
spo12. In these strains, we prevented sister chromatid(B) Cells were examined by microscopy to determine the localization
separation by expressing SCC1-RRDD, thereby allowingof the “old” fluorescently labeled SPB (black dot) and nuclear DNA
us to assess the pulling forces acting on the nucleussegregation. The newly synthesized, unlabeled SPB is depicted as
a white dot, and the spindle is shown as a line between the two independently of forces contributed by an elongating
SPBs. The values shown in the table are percentages. In approxi- spindle. Like the esp1-1 mutant strain, both slk19
mately 30% of the RFP-positive cells, both SPBs were labeled, and SCC1-RRDD and spo12 SCC1-RRDD mutant strains
these cells were excluded from the analysis. Note that in wild-type primarily segregated their DNA to daughter cells (com-cells both mother and daughter receive DNA.
pare Figure 3B to Figure 1F), indicating that the FEAR
pathway is important for nuclear positioning.
The established function of the FEAR pathway is towithin the mother cell (Supplemental Figure S2B). How-
promote mitotic exit, possibly by stimulating the mitoticever, under these conditions the mother cell was very
exit network (MEN) (Stegmeier et al., 2002). If the FEAR
efficient in promoting DNA segregation to its second
pathway affects nuclear positioning by activating the
daughter (79% of cases where the mother budded twice,
MEN, then mutants defective in MEN function should
see legend to Supplemental Figure S2). Taken together, also exhibit a daughterly phenotype. To test this, we
these experiments demonstrate that the daughter-biased examined DNA segregation in strains deficient in the
nuclear inheritance in esp1-1 cells is not due to a defect essential MEN component, Cdc15p (Shou et al., 1999;
that is inherent to SPBs assembled in the absence of Visintin et al., 1999). cdc15 mutant strains normally ar-
Esp1p activity. Our findings are consistent with a model rest in late anaphase with separate DNA masses in the
in which a defect in the mother cytoplasmic microtu- mother and daughter cells, so SCC1-RRDD was ex-
bules and/or attachment to the mother cortex is respon- pressed to block nuclear division. DNA was found in
sible for the abnormal nuclear segregation in esp1-1 the daughter in only 18% of cdc15-2 SCC1-RRDD cells
mutants (see Discussion). (Figure 3C), indicating that, unlike FEAR mutants, loss of
MEN function does not result in a daughterly phenotype.
Esp1p Does Not Affect Nuclear Positioning Moreover, DNA was localized to the daughter in 64% of
prior to the Metaphase to Anaphase Transition cdc15-2 esp1-1 cells, demonstrating that MEN mutants
To determine when Esp1p activity affects nuclear posi- can exhibit a daughterly phenotype if the FEAR pathway
tioning, we examined the Esp1p dependence of DNA is inactive. Importantly, this experiment has uncovered
partitioning in cells arrested in metaphase due to a tem- an anaphase function that requires the FEAR pathway
perature-sensitive mutation in the anaphase-promoting but not the MEN. Finally, the observation that in cdc16-
complex/cyclosome (APC/C) subunit, Cdc16p. At the 123 esp1-1 and cdc15 SCC1-RRDD mutants the undi-
nonpermissive temperature, cdc16 mutant cells arrest vided nucleus is in the mother whereas in cdc15-2
as large budded cells with a single DNA mass located esp1-1 cells the nucleus segregates to the daughter
near the mother-daughter neck (see below). cdc16-123, suggests that after anaphase onset there is a mother-
cdc16-123 esp1-1, and cdc16-123 SCC1-RRDD cells directed force that is dependent on the FEAR pathway
(see Discussion).were treated as described in Figure 1 and assayed for
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733
Figure 3. Nuclear Segregation in Mitotic Mu-
tants: The Involvement of the FEAR Pathway
and Cdc14p but Not MEN Components
cdc16-123 (strain KR3203-7A), cdc16-123
esp1-1 (strains KR3193-3D and KR3194-2C),
cdc16-123 SCC1-RRDD (strains KR3203-5C
and KR3203-3D), slk19 SCC1-RRDD (strain
KR3172), spo12 SCC1-RRDD (strain KR3201),
cdc15-2 esp1-1 (strain 3290), cdc15-2 SCC1-
RRDD (strain KR3220), SCC1-RRDD (strain
KR3139), and slk19 SCC1-RRDD TAB6-1
(strain KR3235) were arrested in G1 and re-
leased as described in Experimental Proce-
dures. Cells were examined 4 hr after release.
(A and C) Because these strains arrest with
large buds and a single nucleus, the method
of calculating percent daughter described in
Figure 1A is not applicable. Instead, the DNA
localization was classified as “daughter” if the entire DAPI-staining mass was in the bud and the percent daughter was calculated using the
formula: % daughter  100  (daughter)/(total large budded cells with a shmoo).
(B and D) Percent daughter was determined as described in Figure 1A.
Finally, we wished to determine whether FEAR affects Cdc14p and Nuclear Positioning
Our data suggest that the FEAR pathway affects nuclearnuclear positioning through Cdc14p. In the absence of
FEAR function, Cdc14p remains sequestered in the nu- positioning through Cdc14p, as an activated allele of
CDC14, TAB6-1, can partially suppress the daughterlycleolus until the MEN becomes active (Stegmeier et al.,
2002). If the FEAR pathway is affecting nuclear position- phenotype caused by slk19 (Figure 3D). While the pre-
cise Cdc14p targets remain to be determined, Cdc14ping by activating Cdc14p, then Cdc14p derivatives that
become active independently of FEAR should suppress is known to dephosphorylate Cdc28p-Clb substrates,
and recent work by Ubersax and colleagues showed thatthe daughterly nuclear segregation of FEAR mutants.
Thus, we examined the effect of TAB6-1, a dominant several microtubule-associated motors are subjected to
Cdc28p phosphorylation (Ubersax et al., 2003). Thus,allele of CDC14 that promotes mitotic exit in the absence
of MEN function (Shou et al., 2001), on nuclear position an attractive possibility is that the activity of motor pro-
teins is altered in a FEAR- and Cdc14p-dependent fash-in FEAR pathway mutant strains (Figure 3D). While in
SCC1-RRDD slk19 cells the nucleus segregated pre- ion (see below).
If indeed the FEAR pathway affects nuclear position-dominantly to the daughter, the presence of TAB6-1
significantly reduced this tendency, suggesting that the ing through Cdc14p, one wonders why the suppression
by TAB6-1 is not more complete. There are at least twodaughterly phenotype of FEAR pathway mutants is
due, at least in part, to the absence of FEAR-induced possible reasons for that. First, Cdc14pTAB6 may be less
active than wild-type Cdc14p. Consistent with this pos-Cdc14p activity.
sibility, Shou et al. (2001) reported that at least in vitro
the phosphatase activity of Cdc14pTAB6 is somewhatDiscussion
diminished compared to wild-type Cdc14p. Second,
The FEAR Pathway Is Involved
in Nuclear Positioning
In the absence of Esp1p activity, the vast majority of
cells exit mitosis with an undivided nucleus in the daugh-
ter cell (Baum et al., 1988; McGrew et al., 1992). Here
we show that the role of Esp1p in nuclear positioning
is independent of its role in promoting sister chromatid
separation. Rather, Esp1p is likely to affect nuclear posi-
tioning as part of the FEAR pathway, as the inactivation
of other FEAR pathway components, Slk19p and
Spo12p, also results in nuclear inheritance by the daugh-
ter (Figure 3B). Both the FEAR pathway and the mitotic
exit network (MEN) promote mitotic exit, but here we
show that only the FEAR pathway is involved in nuclear
positioning. Although FEAR pathway mutant strains are
delayed in mitotic exit (Figure 1; Stegmeier et al., 2002),
it is unlikely that the “daughterly” nuclear segregation
is an indirect consequence of the mitotic exit delay since Figure 4. Model Depicting the Role of FEAR in Nuclear Positioning
cdc15 SCC1-RRDD mutant cells, which arrest indefi-
See text for further detail. Spindle microtubules are light green,
nitely at the mitotic exit point, generally retain their nu- cytoplasmic microtubules are shown in green, SPBs are in dark blue,
cleus in the mother (Figure 3C). Thus, the FEAR pathway the nucleus is light blue, and arrows associated with cytoplasmic
microtubules indicate the net direction of forces.is likely to play a direct role in nuclear positioning.
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Cdc14p may not be the only FEAR target that is involved solely through the interdigitation of a handful of pole-
to-pole microtubules (Winey and O’Toole, 2001). Whenin nuclear positioning. In this regard, it is noteworthy
that the activation of Cdc14p by the MEN, which occurs the spindle is fully elongated, the overlap between these
microtubules is minimal (Winey and O’Toole, 2001), ren-later in mitosis, cannot overcome the daughterly nuclear
segregation induced by the absence of FEAR pathway dering the spindle vulnerable to bending or breaking in
the middle. The presence of sustained cortex-directedactivity. Although it is possible that by late anaphase
the nuclear positioning defect is irreversible, this obser- forces on both the mother and daughter sides acting
through cytoplasmic microtubules could provide a me-vation is also consistent with the possibility that the
FEAR pathway has targets that are not shared by the chanical support that would restrict movement of the
spindle and improve its stability. We propose that theMEN.
FEAR pathway is responsible for establishing these
forces on the mother side. Intriguingly, in the absenceThe Nature of Forces Acting on the Nucleus
of Esp1p or Slk19p activity, late anaphase spindles areChanges at the Metaphase to Anaphase Transition
highly unstable and are prone to breakage (Sullivan etDuring the early stages of the cell cycle, up to the meta-
al., 2001; Uhlmann et al., 2000). While the FEAR pathwayphase to anaphase transition, the cell is dedicated to
is likely to act on the spindle midzone itself (Pereira andestablishing conditions that will allow the daughter to
Schiebel, 2003), our results suggest that FEAR-depen-inherit a functional nucleus. Cytoplasmic microtubules
dent functions acting on cytoplasmic microtubules mayemanating from both SPBs cooperate to position the
also play a role in stabilizing the spindle.nucleus on the mother side of the neck (reviewed in
Control over nuclear positioning is vital in all organ-Bloom, 2001). As cells undergo the metaphase to ana-
isms to allow the various types of cell divisions neces-phase transition, the separation of sister chromatids
sary for growth and development. We found that in yeastallows spindle elongation, which in itself can provide
an important mitotic regulator, the FEAR pathway, hasa force that pushes the daughter bound SPB into the
a novel role in this process. Future work will uncoverdaughter. In addition, motor proteins, in particular dyn-
FEAR pathway targets and will reveal mechanisms thatein, act via cytoplasmic microtubules to pull the nucleus
regulate the myriad forces acting on the nucleus dur-into the daughter. On the mother side, the elongating
ing mitosis.spindle, and the fact that the DNA destined for the
mother is already there, made it unnecessary to postu-
Experimental Procedureslate the existence of any other forces acting in favor of
the mother. However, our finding that the majority of
Plasmids and Strains
cdc15-2 esp1-1 cells arrest with their DNA in the daugh- Plasmids are described in Supplemental Table S1A. All strains are
ter whereas cdc15-2 SCC1-RRDD arrest with DNA derived from W303a (MATa ade2-1 his3-11, 15 leu2-3, 112 trp1-1
ura3-1), and the genotypes are listed in Supplemental Table S1B.largely in the mother (Figure 3C) suggests that the FEAR
pathway counteracts a daughter pulling force that is
Media and Growth Conditionsspecifically activated after anaphase initiation. Inactiva-
Yeast culture media was prepared as described in Ausubel et al.tion of the FEAR pathway did not affect the ability of
(1995). -factor from Sigma (St. Louis, MO) or from ZymoResearch
cells to assemble SPBs capable of supporting pulling (Orange, CA) was used at a concentration of 5 M and 20 M,
forces; nor did FEAR pathway mutations affect the num- respectively. To prevent cells from escaping from G1, half of the
ber and/or orientation of cytoplasmic microtubules (Fig- original dose of -factor was added 3 hr after the initial treatment.
For experiments requiring induction of SCC1-RRDD, strains wereure 2, Supplemental Figures S1 and S2, and data not
arrested with -factor in YP  raffinose at 23C. Once the arrestshown). Thus, we propose that the FEAR pathway pro-
was complete (typically after 5.5 hr), galactose was added (finalmotes a switch in the direction of the forces exerted by
concentration of 2%) and cultures were shifted to 37C and then
the cytoplasmic microtubules on the mother side from released into YP  raffinose  galactose at 37C. Strains carrying
pushing to pulling (Figure 4). Prior to anaphase onset, SPC42-RFP were grown to saturation at 23C for 4 days in YPD
the FEAR pathway is negatively regulated by securin; until SPC42-RFP brightly labeled the SPBs. Cultures were diluted
back to OD600  0.4, allowed to recover for 2 hr, and then treatedhence, the switch to a pulling mode is coupled to ana-
with -factor. Nocodazole (Sigma) was used at a concentration ofphase initiation. The mechanism of this switch could
15 g/ml.involve alterations in the interactions between cyto-
plasmic microtubules and the mother cortex and/or Microscopy
changes in the behavior of motor proteins, such as dyn- For DAPI staining, cells were washed with 50 mM Tris (pH 7.5), fixed
ein (Saunders et al., 1995), acting on the mother-side in 70% ethanol, and stored at 4C. Just before observation, cells
were pelleted, resuspended in 50 mM Tris (pH 7.5), sonicated gently,cytoplasmic microtubules. It is also possible that the
and mixed at a 1:1 ratio with Vectashield with DAPI mounting me-FEAR pathway promotes cortex-directed forces on the
dium (Vector Laboratories, Burlingame, CA) on a slide. Cells withdaughter side as well, but if so they are redundant with
GFP- or RFP-tagged proteins were processed in the same way
FEAR pathway-independent forces. except that they were fixed for 2 hr in 4% paraformaldehyde (Elec-
tron Microscopy Services, Fort Washington, PA) and then washed
twice with 50 mM Tris (pH 7.5). For immunofluorescence, cells wereThe Role of FEAR Pathway-Dependent Nuclear
fixed for 2 hr in 4% paraformaldehyde and treated as described inPositioning in Normally Dividing Cells
Kilmartin and Adams (1984), except that cells were spheroplastedIn addition to promoting anaphase chromosome move-
in 50 g/ml Zymolyase 100T (ICN, Aurora, OH) for 10 min at 30C.ment toward the mother cortex, the mother-directed
To detect -tubulin, cells were incubated in a 1:500 dilution of mono-
force initiated by the FEAR pathway may be important clonal anti--tubulin clone DM1A (Sigma) for 1 hr and a 1:200 dilution
for spindle stability in wild-type cells. After sister chro- of rhodamine conjugated goat anti-mouse IgG (Jackson Immuno-
Research Laboratories, West Grove, PA) for 2 hr. Slides werematid separation, the two halves of the spindle are joined
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mounted in Vectashield with DAPI mounting medium. Images were Pereira, G., and Schiebel, E. (2003). Separase regulates INCENP-
Aurora B anaphase spindle function through Cdc14. Science 302,taken using an Olympus BX61 microscope with an Olympus 100X
UPlan Apo DIC objective, DAPI and rhodamine filters, and an Olym- 2120–2124.
pus BX-UCB CCD camera. For DAPI and DIC, an image of a single Pereira, G., Tanaka, T.U., Nasmyth, K., and Schiebel, E. (2001).
focal plane is shown. For -tubulin, a Z stack consisting of 26 images Modes of spindle pole body inheritance and segregation of the
(0.2 m spacing) was collected using IPLab 3.6.3 (Scanalytics, Fair- Bfa1p-Bub2p checkpoint protein complex. EMBO J. 20, 6359–6370.
fax, VA). Frames were deconvolved using Volocity (version 1.4.4, Pereira, G., Manson, C., Grindlay, J., and Schiebel, E. (2002). Regula-
Improvision, Lexington, MA). Approximately 10 frames from the mid- tion of the Bfa1p-Bub2p complex at spindle pole bodies by the cell
dle of the stack were projected into a single plane to produce the cycle phosphatase Cdc14p. J. Cell Biol. 157, 367–379.
images shown.
Saunders, W.S. (2002). The FEAR factor. Mol. Cell 9, 207–209.
Saunders, W.S., Koshland, D., Eshel, D., Gibbons, I.R., and Hoyt,Flow Cytometry
M.A. (1995). Saccharomyces cerevisiae kinesin- and dynein-relatedEthanol-fixed cells were stained with propidium iodide as described
proteins required for anaphase chromosome segregation. J. Cellin Yamamoto et al. (1996). Flow cytometry was performed on a FACS
Biol. 128, 617–624.Calibur (Becton Dickinson, San Jose, CA). Data was acquired using
CellQuest (Becton Dickinson), and overlay plots were made using Schuyler, S.C., and Pellman, D. (2001). Search, capture and signal:
FlowJo (Tree Star Inc., San Carlos, CA). games microtubules and centrosomes play. J. Cell Sci. 114,
247–255.
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